This paper describes a convenient and rapid fluorescence sensor for determination of paraquat (PA) based on glutathionecapped CdS quantum dots (QDs). The methodology enabled the use of a simple synthesis procedure for water solubilization of CdS QDs via a fast route using glutathione as a capping agent within 15 min. The resulting water-soluble QDs exhibit a strong fluorescence emission at 536 nm with high and reproducible photostability. PA is an important class of electron acceptors for QDs. Thus, the fluorescence intensity of the glutathione-capped CdS QDs probe could be dramatically quenched by PA due to the electron transfer mechanism. The fluorescence intensity of the CdS QDs system was proportional to PA concentration in the range of 0.025 to 1.5 μg mL -1 , with a detection limit of 0.01 μg mL -1
Introduction
Pesticides are routinely administered throughout the world in order to maximize crop yields during the growth stage and protect agricultural products. 1 Amongst commercial pesticides, paraquat (N,N′-dimethyl-4,4′-bipyridinium dichloride, PA), one of the fast-acting non-selective herbicides, has been widely used in many countries for clearing, pasture renovation, weed control in vegetable and plantation crops. 2 A major problem caused by the abusive and uncontrolled use of PA is related to its high persistence in the environment, such as water and soil. 3 PA deserves special attention also because of its high toxicity in humans and animals. Human epidemiological and animals studies have indicated that PA might be an environmental factor contributing to neurodegenerative disorders such as Parkinson's disease. 1, 4 Thus, there is an urgent need to monitor the presence of PA in the environment. Several methods have been developed for PA detection, such as high-performance liquid chromatography, 5 gas chromatography-mass spectrometry, 6 electrochemical assay, 7 and immunosensors. 1 Although these methods mentioned above have good selectivity and sensitivity, most of them suffered from laborious synthetic procedures, time-consuming immobilizing processes, and need for sophisticated instrumentation or costly bio-molecular reagents, which limit their wide application. Therefore, it is still a challenge to develop new sensors that could realize rapid detection of PA with high selectivity and sensitivity.
Fluorescence sensor is a promising analytical technique with the advantages of requiring less samples and having high sensitivity, a quick response and easy operation. 8 Recently, many groups have demonstrated various fluorescence probes for the detection of PA. [9] [10] [11] [12] Chen et al. designed a blue-fluorescent disulfonated pyrenedimethacrylamide for the detection of PA through selective charge-transfer interaction. 9 Yao et al. used cucurbit [7] uril-coptisine fluorescent probe as a signal molecule for PA detection by titration method. 10 Ríos's group developed an ultrasensitive spectrofluorimetric methodology for the determination of PA based on water-soluble CdSe/ZnS coreshell quantum dots (QD). 2 However, these fluorescence probes are expensive, and their production is time consuming as they have to be synthesized and purified before use. Therefore, it would be of interested to develop a simple and low-cost fluorescence assay system for rapid, highly sensitive, and selective detection of PA. Recently, Pavlov's team reported a series of research work about simple fluorescence assays based on the fast growth and formation of CdS QDs. [12] [13] [14] Compared with previous fluorescence sensors, this analysis system does not need the pre-synthesis of semiconductor QDs and DNA aptamer. The conventional approach consists of synthesis and modification of CdS QDs within 15 min followed by their application to an analytical assay. Thus, CdS QDs may be regarded as a promising new choice of nanophosphors for rapid and sensitive detection of PA.
In this paper, we developed a simple and fast route to detect PA based on CdS QDs. The proposed novel strategy for pesticide detection is shown in Fig. 1 . The methodology enabled the use of a simple synthesis procedure for water solubilization of CdS QDs via a fast route using glutathione (GSH) as a capping agent within 15 min. GSH was used as the modifier as well as the stabilizer. By controlling the reaction conditions, the resulting water-soluble QDs exhibit a strong fluorescence emission at 536 nm with high and reproducible photostability. With the aim of contributing to exploiting the advantages of QDs as a fluorescence detection probe, the present work is focused on the development of an analytical application for PA determination in environmental and agricultural samples by measuring the dramatically quenching effect on the fluorescence emission of QDs after direct interaction with PA based on electron transfer (ET). [15] [16] [17] Based on this phenomenon, a sensitive, simple, rapid and low-cost fluorescence method has been established for detection of PA. Compared with previous studies, this proposal method is more simple and time-saving for PA detection.
Experimental

Apparatus and reagents
The fluorescence spectra were obtained by using a Shimadzu RF-5301 PC pectrofluorophotometer equipped with a xenon lamp using right-angle geometry (Shimadzu, Japan). UV-Vis absorption spectra were recorded on a Cintra 10e UV-Vis spectrometer (GBC, Victoria, Australia). In both experiments, a 1 cm path-length quartz cuvette was used.
All reagents were of at least analytical grade. The water used in all experiments had a resistivity higher than 18 MΩ cm -1 . Cadmium(II) chloride (CdCl2), sodium hydroxide (NaOH), sodium sulfide nonahydrate (Na2S·9H2O), trihydroxymethyl aminomethane (Tris) and hydrochloric acid were purchased from Shanghai Jingxi Technology Co., Ltd. Paraquat (PA) was purchased from Sigma-Aldrich Corporation.
Synthesis of water-soluble GSH-capped CdS QDs
First, 200 μL (1 mmol L -1 ) CdCl2 solution, 200 μL (200 μmol L -1 ) GSH solution and 100 mmol L -1 Tris-HCl buffer (pH 8.0, 200 μL) were added into 2 mL calibrated test tube, and shaken thoroughly for 5 min. After that, 50 μL (3 mmol L -1 ) Na2S solution was added into the test tube and diluted to the mark with deionized water followed by thoroughly shaking for 7.5 min. Then, the fluorescence spectra were recorded from 400 to 655 nm with the excitation wavelength of 340 nm.
Detection of paraquat (PA)
Next, 200 μL GSH-capped CdS QDs and 200 μL Tris-HCl buffer (100 mmol L -1 , pH 8.0) were successively added into a 2.0 mL calibrated test tube, shaken thoroughly and equilibrated for 1 min. Varying amounts of PA were added into the test tube, diluted to the mark with deionized water, and shaken thoroughly for 5 min until the solution was fully mixed. The fluorescence (FL) intensity of the maximum mission peak was used for the quantitative analysis of PA.
Real sample detection
The proposed method was used for PA detection in real samples, including water, rice and cabbage samples. Different types of water samples (tap water and river water) were obtained from Jilin province, China. These samples, which were filtered through a 0.45 μm filter, were spiked with 0.05, 0.5 and 1.0 μg mL -1 PA. Then, the samples were directly analyzed by fluorescence measurement.
Rice and cabbage samples (10 g) were ground and added to 1.0 g anhydrous sodium sulfate. Afterwards, the above samples were spiked with PA standards at 0.05, 0.5 and 1.0 μg g -1 . The samples were thoroughly mixed, and then allowed to stand at room temperature overnight. The samples were mixed with 50 mL ethyl acetate and submitted to vibration for 30 min. After the samples were centrifuged at 4000g for 10 min, the supernatant was evaporated to dryness. And then the remainder was dissolved with 10 mL deionized water. Then, the samples were analyzed by fluorescence measurement.
Results and Discussion
Synthesis of GSH-capped CdS QDs
The fluorescent CdS QDs could be generated in the presence of Cd 2+ and S 2-with GSH as stabilizers. The generation process of GSH-capped CdS QDs is rapid, simple, low cost, and efficient. To obtain high-quality GSH-capped CdS QDs, the influences of different synthesis conditions including the S 2- concentration, Cd 2+ concentration, GSH concentration, the reaction time and temperature on the fluorescence intensity of CdS QDs were investigated. The fluorescence emission spectra of the resulting GSH-capped CdS QDs are shown in Fig. 2 . It could be seen from Fig. 2A that the FL intensity of the GSHcapped CdS QDs increases with the increasing of the S 2- concentration, and when the S 2-concentration is 3 mmol L -1 , the FL intensity reaches maximum. However, the continuous increase of the S 2-concentration will cause a decrease in the FL intensity of the QDs. It is because excessive S 2-could quench the FL intensity of CdS QDs. The addition of Cd 2+ to the reaction system plays an important role in the synthesis of CdS QDs. As shown in Fig. 2B , when the Cd 2+ concentration changed from 0.5 to 1.0 mmol L -1 , the FL intensity of GSHcapped CdS QDs gradually increased. Then the remarkable decreasing of PL intensity was observed in the Cd 2+ concentration range of 2.0 to 3.0 mmol L -1 . Thus, 3 mmol L -1 S 2-and 1 mmol L -1 Cd 2+ were chosen for the further study. The influence of GSH concentration on the FL of the produced CdS QDs was studied. As shown in Fig. 2C , the fluorescent CdS QDs cannot be generated in the presence of Cd 2+ and S 2-without GSH as a capping and stabilizing agent. And the GSH concentration was increased to enhance the intensity of CdS QDs. The FL intensity obviously increased with GSH concentration increasing from 0 to 200 μmol L -1 . Thus, we chose 200 μmol L -1 GSH as the optimal concentration for synthesis of CdS QDs in the further experiments. Figure 2D showed the temporal evolution of the fluorescence intensity of the Cd 2+ -GSH solution after the addition of 3 mmol L -1 Na2S. It could be seen that the fluorescence intensity of the solution gradually increased after the addition of Na2S, and reached equilibrium after 5 min due to the formation of GSH-capped CdS QDs. Therefore, the reaction time of 7.5 min was used in further detection process. Under these synthesis conditions, the CdS QDs could be easily prepared within 15 min. We also investigated the effect of temperature on the synthesis of CdS QDs. The temperature adopted in this study was 15, 25, 35 and 45 C. As shown in Fig. 2E , the FL intensity at 536 nm reaches maximum at 15 C, then the FL intensity decreased with the increase of reaction temperature to 45 C. In this study, 15 C was chosen as the optimal reaction temperature, and the as-prepared CdS QDs exhibit relatively high fluorescence emission intensity. There are many researches on the synthesis CdS QDs in the recent decades. For example, Liu et al. synthesized CdS QDs by using a microwave reflux system in 30 min, and the prepared CdS QDs exhibited a strong fluorescence emission at 489 nm when excited at 360 nm. 18 Chen et al. prepared CdS QDs based on the seeds-assistant technique in 4 h. 19 Beato-López et al. had optimized a synthesis process to obtain GSH-capped CdS QDs based on five different heating steps. 20 Compared to the above synthesis process, the synthesis time of our proposed method was quite short at less than 15 min. Moreover, the proposed method does not need nitrogen protection, complex synthesis conditions and a microwave reflux system. Especially, the step can be carried out at room temperature. According to the above performance, it could be concluded that our proposed method is more rapid, convenient and lower in cost.
Effects of PA on the fluorescence of GSH-capped CdS QDs
The generation process of GSH-capped CdS QDs is rapid, simple, low cost, and efficient. We utilized GSH as stabilizers in the generation of CdS QDs that provided a powerful means of controlling CdS QDs properties. The fluorescence emission (solid line) and UV-Vis absorption spectra (dashed line) of CdS QDs are shown in Fig. 3A . The fluorescence emission spectra of the CdS QDs demonstrate a single peak with a maximum around 536 nm that was consistent with some previous reports. 21 And the UV-Vis absorption peak was around 375 nm. The transmission electron microscopy image (TEM) of the GSHcapped CdS QDs is shown in Fig. 3B . It could be seen that the generated CdS QDs are nearly monodispersed with a diameter from 3 to 6 nm. As shown in Fig. 1 , we proposed an operating mechanism for the assay of PA based on the quenching of fluorescent CdS QDs. According to a previous study, 16 PA was shown to be an important class of electron acceptors for QDs. When PA was added to the QDs solution, it can adsorb to CdS QDs in geometries that permit electron transfer (ET) from the QDs to PA. [15] [16] [17] 22 GSH-capped CdS QDs and PA were analyzed using the zeta potential measurement (Fig. 3C) . The zeta potentials of GSH-capped CdS QDs and PA were measured by approximately -34.72 and 8.55 mV. The negatively charged QDs were partially neutralized by the positively charged PA and changed to -10.25 mV in the CdS QDs-PA complex, which indicated the intermolecular non-covalent binding of PA onto the surface of the QDs. 19 This binding was also proved by the fluorescence emission spectra of the as-prepared GSH-capped CdS QDs in the absence (a) and presence (b) of PA in Fig. 3D . With the addition of PA (1.5 μg mL -1 ), the fluorescence intensity of GSH-capped CdS QDs dramatically decreased to about 40%. The fluorescence quenching could be explained by the ET mechanism. [15] [16] [17] Considering this remarkable quenching of fluorescence intensity, the proposed fluorescence sensor could be used for rapid detection of PA.
Optimization for PA detection
In order to obtain a fluorescent sensor with good sensing performance, we further optimized the experiment conditions. It is generally known that appropriate pH value and incubation time play a key role in the detection process of QDs. So, the experimental conditions for PA detection, such as pH and reaction time, were optimized in this study. As shown in Fig. 4A , we systematically investigated the influence of pH value on the fluorescence intensity ratio (F0 -F)/F (F0 and F are the FL intensity of CdS QDs solution in the absence and presence of PA). From Fig. 4A , it can be seen that the fluorescence intensity ratio (F0 -F)/F of CdS QDs in the presence of PA was much greater in an alkaline medium than that in a neutral or acidic medium, and the relative fluorescence intensity ratio was the highest at pH 8.0. Considering the above results, pH 8.0 was adopted in further experiments. The influence of reaction time on the fluorescence intensity of the system was investigated at room temperature. Figure 4B shows the fluorescence signal changes of QDs solution with the addition of PA (1.0 μg mL -1 ) incubated for varying times (0 -7 min). The results show that after addition of PA into the CdS QDs solution, the fluorescence intensity ratio (F0 -F)/F increased gradually until the reaction time reached 5 min, and then the fluorescence intensity ratio remained nearly constant over 7 min. Therefore, pH 8.0 and an incubation time of 5 min were used in further detection steps.
Detection of paraquat (PA)
The influence of PA concentration on the fluorescence of the GSH-capped CdS QDs was studied. As shown in Fig. 5 , under the optimal conditions mentioned above, the addition of PA (from 0 to 1.5 μg mL -1 ) gradually decreased the fluorescence intensity of the CdS QDs, so a quantitative determination of PA based on fluorescence quenching was developed. Furthermore, the inset in Fig. 5 illustrates that F/F0 exhibits a good linear relationship with the concentration of PA over a wide range from 0.025 to 1.5 μg mL -1 , which is well described by the following equation with a determination coefficient of 0.98248:
The limit of detection (LOD) for PA in water is 0.01 μg mL -1 with the ratio of signal-to-noise of 3 (S/N = 3). The detection limit is defined by the equation LOD = 3σ/s, where σ is the standard deviation of the blank signals of the CdS QDs-PA complex (n = 9) and s is the slope of the calibration curve. 8, 23 The relative standard deviation (RSD) for nine parallel determinations of a solution containing 0.75 μg mL -1 PA was 2.5%. The maximum allowable contaminant level of PA according to the U.S. Environmental Protection Agency, as part of a health advisory, is 0.03 μg mL -1 in drinking water and 0.05 μg mL -1 in cabbage. 24, 25 Therefore, the above results demonstrated that the fluorescence probe could be used for PA detection. A comparison between this work and other reported methods for PA detection in terms of LOD, linear range and detection time are summed up in Table 1 . Compared with other sensing methods, this proposed method shows a comparable quantification range and LOD. Although the detection limit of the present method is not better than those methods such as electrochemical assay for PA, we established a convenient and fast method for PA detection based on CdS QDs that does not need special a chromogenic, fluorogenic substrate, prepreparation probe, costly antibodies and enzymes, and especially complicated surface modification. Our method can significantly reduce costs related to PA assay. Moreover, the detection time was quite short in contrast to existing PA assay methods.
Interference study
Selectivity is a very important parameter to evaluate the performance of a new sensor. Therefore, the selectivity of this novel sensing strategy for PA detection was further evaluated with common small molecules in the environment and we tested the fluorescent response of GSH-capped CdS QDs system to other pesticides. Figure 6 shows the fluorescence intensity ratio F/F0 (F0 and F are the FL intensity of CdS QDs solution in the absence and presence of the mixture of PA and common small molecules) of the CdS QDs alone, CdS QDs in the presence of 1.0 μg mL -1 PA and CdS QDs with 1.0 μg mL -1 PA in the presence of 10 μg mL -1 other common molecules. As shown in Fig. 6 , after the addition of 10 μg mL -1 aspartic acid, tryptophan, lysine, threonine, glycine, phenylalanine, arginine, glutamic acid or histidine, the fluorescence intensity ratio F/F0 had no obvious change.
Furthermore, some common pesticides, including chlorpyrifos, parathion, fipronil, chlorfenapyr, imidacloprid, nitenpyram, fenpropathrin, cyhalothrin, carbaryl, isoprocarb, mepiquat chloride, chlormequat chloride and glyphosate (5.0 μg mL -1 ) were investigated as shown in Fig. 6 . The results indicated that these common pesticides had no obvious effect on the detecting system for PA detection. As shown in Fig. 6 , diquat as a strong electron acceptor could also obviously induce a change in fluorescence intensity ratio F/F0. When 1.0 μg mL -1 diquat was added to the sensing system, nearly 35% fluorescence intensity of CdS QDs was quenched. Therefore, this proposed method possesses a good selective fluorescence response toward PA and diquat, and it could be applied to determine PA and diquat in real samples.
Detection in real samples
In order to evaluate the feasibility of the proposed method in real sample detection, the developed method was applied to PA detection in water, rice and cabbage samples. The results obtained by standard addition method are shown in Table 2 . ) into the assay system, and the accuracy of this method was evaluated by determining the recoveries of PA in real samples. From Table 2 , it can be seen that the recoveries in the real samples was between 86 and 105% and the RSD was lower than 5.87%. The above results demonstrated the potential applicability of the GSHcapped CdS QDs probe for PA detection in agricultural and environmental samples.
Conclusions
In summary, with GSH as a capping and stabilizing agent, water-soluble CdS QDs were easily prepared. By using the GSH-capped CdS QDs as a fluorescence probe, a rapid technique for PA detection with high sensitivity and selectivity was developed based on the quenching effect of PA on the fluorescence emission of QDs. The proposed method is more applicable and convenient without the need of costly antibodies and complicated surface modification. Especially, the proposed method could be used for PA detection within 20 min. A good linear response for PA was found in the range of 0.025 to 1.5 μg mL -1 with a detection limit of 0.01 μg mL -1
. The methodology can be successfully applied to the determination of PA in real samples with satisfactory results and good repeatability. Thus, it appears to be a promising candidate for on-site rapid screening of PA contamination in agricultural and environmental samples. 
